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Thyroid hormone status influences calcium metabolism. To elucidate the mechanism of action of thyroid hormones on transcellular
transport of calcium in rat intestine, Ca2 + influx and efflux studies were carried out in brush border membrane vesicles (BBMV) and across
the basolateral membrane (BLM) of enterocytes, respectively. Steady-state uptake of Ca2 + into BBMVas well as Ca2 + efflux from the BLM
enterocytes was significantly increased in hyperthyroid (Hyper-T) rats and decreased in hypothyroid (Hypo-T) rats as compared to euthyroid
(Eu-T) rats. Kinetic studies revealed that increase in steady state Ca2 + uptake into BBMV from hyper-T rats was fraternized with decrease in
Michaelis Menten Constant (Km), indicating a conformational change in Ca
2 + transporter. Further, this finding was supported by significant
changes in transition temperature and membrane fluidity. Increased Ca2 + efflux across enterocytes was attributed to sodium-dependent Ca2 +
exchange activity which was significantly higher in Hyper-T rats and lower in Hypo-T rats as compared to Eu-T rats. However, there was no
change in Ca2 +-ATPase activity of BLMs of all groups. Kinetic studies of Na+/Ca2 + exchanger revealed that alteration in Na+-dependent
Ca2 + efflux was directly associated with maximal velocity (Vmax) of exchanger among all the groups. cAMP, a potent activator of Na
+/Ca2 +
exchanger, was found to be significantly higher in intestinal mucosa of Hyper-T rats as compared to Eu-T rats. Therefore, the results of this
study suggest that Ca2 + influx across BBM is possibly modulated by thyroid hormones by mediating changes in membrane fluidity. Thyroid
hormones activated the Na+/Ca2 + exchange in enterocytes possibly via cAMP-mediated pathway.
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Thyroid hormones have a wide array of physiological
effects, causing alterations in essentially all metabolic path-
ways, and are indispensable to ensure normal maturation of
intestinal mucosa, epithelial growth and differentiation [1–
3]. They are also known to induce both structural and
functional maturation of the intestinal microvillus mem-
brane [4]. In addition, T3 regulates several brush border
enzymes (e.g. alkaline phosphatase and lactase) at gene
expression level as well as by alteration of transcription of
the enterocyte marker gene [5–8].
There is ample evidence that thyroid dysfunction is
frequently associated with disturbances of calcium (Ca2 +)
and inorganic phosphate (Pi) homeostasis. Thus it is appar-
ent that thyroid hormones must play an important role in0925-4439/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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(R. Prasad).mineral metabolism [9,10]. Hypercalcaemia is frequently
observed in thyrotoxicosis humans as well as in experimen-
tal animals [11,12]. Long-term hyperthyroidism resulted in
net negative Ca2 + balance in response to increased skeletal
turnover. It is noteworthy here that long-term hyperthyroid
state is also associated with malabsorption of Ca2 + and
increased bone resorption. However, actions at the cellular
level constituting their function as Ca2 + and Pi regulating
hormones have not been clarified. Bone, kidney and the
intestine are the major target organs for various regulators of
Ca2 + and Pi homeostasis. A wide array of thyroid hormone
effects on these organs resemble those of the classic
calciotropic hormone 1,25-dihydroxychlolecalciferol
(1,25(OH)2D3). Thyroid hormones can stimulate bone re-
sorption [11], enhance renal tubular reabsorption of Pi [13]
and increase Na+ gradient-driven uptake of Pi by the small
intestine [14,15]. We have also demonstrated that the
thyroid hormones modulate zinc transport across intestinal
and renal brush border membranes [16]. In the organ culture
system of embryonic chick jejunum, Triiodothyronine (T3)
has been shown to markedly enhance various genomic
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2 +, Pi and D-glucose absorp-
tion [15,17].
Transepithelial Ca2 + transport in the intestine proceeds
by two routes; a transcellular and a paracellular pathway. It
is widely accepted that transcellular calcium transport
involves three steps: (i) entry across the BBM of enterocyte,
(ii) intracellular movement and (iii) extrusion across baso-
lateral membrane (BLM) into the extracellular fluid [18–
20]. In view of the above facts, intestine is undoubtedly the
most important site for the regulation of Ca2 + homeostasis.
Hitherto, the molecular basis of action of thyroid hormones
with regard to transcellular Ca2 + transport in the mamma-
lian intestine has not been clarified. Therefore, the present
investigation was conducted to study the effect of thyroid
hormone status on transcellular movement of Ca2 + across
various barriers of enterocytes isolated from a mammalian
model.2. Materials and methods
2.1. Chemicals
Thyroid powder and Tri-n-octylamine were purchased
from ICN Pharmaceuticals (CA, USA). Collagenase (Type
I-S), hyaluronidase (Bovine testis), 2-thiouracil, Calcium
chloride, HEPES, Tris, EGTA, h-hydroxybutyrate, p-nitro-
phenyl phosphate, o-cresolphthalein complexone, DPH and
Fura 2-AM were purchased from Sigma Chemical Co. (MO,
USA). 45CaCl2 was purchased from Board of Radiation and
Isotope Technology, Mumbai (India). Glucose oxidase-per-
oxidase kit was procured from Boehringer Knoll (Ger-
many). All other reagents were of highest purity and
obtained from commercial sources. The cellulose nitrate
filters (0.45- and 5.0-Am pore size) and HPLV filters (0.45-
Am pore size) were purchased from Millipore (Bedford,
MA, USA).
2.2. Animals
The experiments conducted in the present study were
approved by the Ethical Committee of the Institute. Adult
male Wistar-rats (150–170 g) were obtained from the
animal breeding colony of the institute. The animals were
acclimatized to laboratory conditions for a few days before
the experiments were begun. All animals were housed
individually in plastic cages with stainless-steel lids and
were fed rat chow (Hindustan Lever, Bombay, India) con-
taining 20% protein, 0.7% calcium, 0.5% phosphorus and
tap water ad libitum. The rats were randomly segregated
into three groups viz. Hypo-T, Hyper-T, Eu-T. Hypo- and
hyperthyroid states were induced essentially as described
previously [16,21]. Hypo-T rats were fed thiouracil added to
the chow (3 g/kg) and water (0.25 g/l). Hyper-T rats were
fed thyroid powder (1 g/kg) added to the thiouracil-contain-
ing chow. All the rats were kept on the test diets for 3weeks. During the course of dietary regimen, the rats were
bled via tail vein, under light ether anaesthesia. At the end of
study, the animals were sacrificed under light ether anaes-
thesia by decapitation, and aortic blood was collected.
Serum levels of T3 and T4 were determined using ELISA
kits (IFCI Clone System, Bo, Italy). Ionised calcium (Ca2 +)
level in plasma was measured using AVL 988-4 ISE
analyzer (CH, Switzerland).
2.3. Preparation of intestinal brush border membrane
vesicles (BBMV)
Under light ether anaesthesia, the animals were decap-
itated, the proximal small intestine (f 45 cm) was
promptly dissected, rinsed with ice-cold normal saline
and mucosa was scrapped. Intestinal BBMV was prepared
by differential centrifugation procedures essentially as
described earlier [16].
Purity of the BBM was checked by measuring the
specific activities of marker enzymes in intestinal BBM
and in original homogenates as described earlier [16,21]. It
was found similar in all three groups. Protein content in
BBM was determined by a modified method as described by
Peterson [22]. The protein yields in intestinal BBM isolated
from Eu-T, Hypo-T and Hyper-T rats were similar (3–4 mg/
g intestinal mucosa).
2.4. Transport measurements
Uptake of Ca2 + was measured at 25 jC by Millipore
filtration technique using 0.45-Am filters. For Ca2 + uptake,
10 Al of BBMV (80-100 Ag protein) prepared in 300 mM
mannitol, 25 mM HEPES–Tris (pH 7.4) was incubated in
40 Al of uptake buffer containing 300 mM mannitol, 25 mM
HEPES–Tris (pH 7.4), 1 mM CaCl2 and 1.0 ACi 45Ca 2 +.
The uptake was terminated by the addition of 3 ml of ice-
cold stop solution consisting of 150 mM KCl, 25 mM Tris,
5 mM EGTA (pH 7.4). The filters were rinsed twice with
this solution. Radioactivity retained on the filters was
measured by liquid scintillation counter Wallac 1409 (Turku
Finland). Ca2 + uptake was also measured at different
temperatures and data presented as Arrhenius plot [16,21].
The intercept of two straight lines below and above the
break points, obtained by linear regression, was taken as the
transition temperature.
2.5. Isolation of intestinal cells
Cells from proximal small intestine were isolated by
the method of Liang et al. [23]. The preparative proce-
dure was carried out at room temperature. The isolation
medium was 240 mM mannitol, 3 mM K2HPO4, 1 mM
MgCl2, 5 mM NaCl, 0.5 mM h-hydroxybutyrate, 2.5 mM
glutamine, 10 mM mannose, 1 mg/ml bovine serum
albumin, and 20 mM HEPES, adjusted to pH 7.4 with
KOH. After the rat was sacrificed, the proximal small
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flushed out with 10 ml of isolation medium. The tissue
was then cut into segments about 2 cm in length and
placed in a 100-ml polyethylene beaker containing 30 ml
of medium. Hyaluronidase was added at a final concen-
tration of 1 mg/ml of medium and the mixture incubated
at 37 jC for 30 min with vigorous shaking (120–130
oscillations/min). At the end of the incubation, the cells
were detached by gentle agitation of the tissue segments
with a glass rod. The suspension was filtered through
cheese cloth and the cells in the filtrate sedimented by
centrifugation at 120 g for 2 min in a 15-ml polyeth-
ylene tube. The cells were washed three times by
resuspending in 15 ml of isolation medium followed by
re-centrifugation. Aliquots of cell suspension were pre-
pared to give a final concentration of 2–3 mg of cell
protein/ml of isolation medium. Microscopic examination
of the preparations revealed single cells and some cell
aggregates. Cell viability was assessed by trypan blue
exclusion, before and after carrying out the experimental
procedures. Viability exceeded 94% in the freshly isolated
cells and was greater than 85% after completion of the
experiments. Cellular integrity was also assessed by
measuring the leakage of lactate dehydrogenase activity.
Cells suspended in the incubation medium were incubated
for 30 min at 37 jC with vigorous shaking in the
absence and presence of 0.3% Triton X-100. After
incubation, the cells were centrifuged and lactate dehy-
drogenase activity in the supernatant was determined.
With freshly prepared cells, LDH activity was measured
in the extracellular medium after detergent treatment,
which was increased about seven times ( triton:
0.19F 0.03; + triton: 1.04F 0.06 Amol NAD/mg pro-
tein/min) in all the groups, indicating that the plasma
membrane was highly preserved.
2.6. Efflux of Ca2+ from intestinal cells
The cells were incubated with 1 mM 45CaCl2 for 20 min
as described for the uptake studies. The time chosen was 20
min since the plateau of Ca2 + uptake was attained at 10–15
min by cells from all three types of animals (data not
shown). To examine efflux, the cell suspension was diluted
10-fold with an efflux solution containing 140 mM choline
chloride/NaCl, 2 mM EGTA, and 10 mM HEPES, pH 7.4.
At specified times, efflux was terminated by addition of an
ice-cold stop solution that contained 140 mM choline
chloride, 5 mM EGTA, 10 mM HEPES, pH 7.4. The
mixture was filtered over a 5.0 Am pore size filter, rinsed
twice with ice-cold stop solution and the retained radioac-
tivity was measured as described for uptake studies.
Na+-dependent efflux was calculated as the difference
between efflux measured in the presence of choline and that
in the presence of Na+ in extracellular medium. Efflux was
also measured in the presence of various concentrations of
Na+ (0–100 mM) in the extracellular medium. Osmolaritywas maintained constant by appropriate combinations of
NaCl and choline chloride.
2.7. Quantitation of cAMP in intestinal mucosa
The cAMP in intestinal mucosa was quantitated by
reverse-phase HPLC procedure essentially as described
previously [21]. Briefly, intestinal mucosa was homoge-
nized in 9 volumes of ice-cold 5% TCA using a Potter-
Elvehjem homogenizer (f 14,000 rpm) for 60 s. The
homogenate was centrifuged at 10,000 g for 10 min to
remove precipitated proteins. Supernatant was then mixed
with equal volume of neutralization and extraction mixture
consisting of Tri-n-octylamine and CCl4 (1:3 v/v) and
vortexed. The mixture was then centrifuged at 5000 g
for 1 min. The upper aqueous phase, which contained the
extracted cAMP, was analysed promptly. The HPLC system
(LDC-Milton Roy) with an attached integrator consisted of
a variable wavelength UV-detector equipped with 9.0-
Al analytical flow cell, a Rheodyne 7125 injector and a
‘‘Spherisorb’’ C-18 ODS, 3.0 Am (100 3.2 cm) reverse-
phase column.
2.8. Determination of Ca2+-ATPase activity in intestinal
BLM: preparation of intestinal BLM
The intestinal BLM were prepared by using Percoll
density gradient according to the method described by
Walters and Weiser [24]. The proximal portions (f 30
cm) of the small intestine from three rats were removed
and rinsed in ice-cold saline. The ends of each segment were
tied and the lumens filled with ice-cold buffer containing 27
mM sodium citrate, 96 mM NaCl, 1.5 mM KCl, 8 mM
KH2PO4 and 56 mM Na2HPO4, pH 7.3. After discarding the
first wash, segments were gently rolled between the fingers
to release the cells. The luminal contents were centrifuged in
a refrigerated centrifuge for 10 min at 500 g and the
cellular pellet was resuspended in f 65 ml of BLM buffer
consisting of 250 mM sucrose, 10 mM Triethanolamine–
HCl, 0.5 mM EDTA, and 1.0 ml of 10 mM PMSF. The cells
were then homogenized using Potter–Elvehjem homoge-
nizer. An aliquot was saved and the remainder of the
homogenate was centrifuged at 2500 g for 15 min. The
supernatant was centrifuged at 20,500 g for 20 min. A
white fluffy layer above the pellet was recovered and
brought to 22.5 ml with BLM buffer. Further homogeniza-
tion was performed using a Potter-Elvehjam homogenizer.
Percoll (2.5 ml) was then added and the suspension was
mixed vigorously and centrifuged at 48,000 g for 30 min.
A dense band appeared at a distance of one quarter from the
top of a 40-ml tube and the next 4 ml of the volume rich in
BLM fragments was collected using a 60% sucrose solution
pumped into the bottom of the tube. Fractions were resus-
pended in 30-fold excess volume of sucrose–HEPES buffer
containing 250 mM sucrose, 10 mM HEPES and 3 mM
Tris, pH 7.5. The suspension was centrifuged for 30 min at
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volume of 10 mM HEPES–Tris buffer, pH 7.5. The BLM
suspension was then frozen and thawed to ensure the
permeability of the membrane to ATP and other reactants.
The purity of the isolated BLM was checked by mea-
suring the activity of Na+–K+ ATPase (a marker enzyme for
BLM) in the BLM preparation and the respective homog-
enate. The contamination of BBM in the preparation was
checked by measuring the activity of alkaline phosphatase
in the BLM preparation and respective homogenate. The
Na+–K+ ATPase activity in the isolated BLM from various
groups was about 10–13-fold higher as compared to re-
spective homogenate. The contamination of BBM in the
BLM preparations was negligible.
2.9. Measurement of Ca2+-ATPase activity in the BLM
Ca2 +-dependent ATPase activity was determined by
measuring the Ca2 +-dependent liberation of 32P from
[g-32P] ATP. The final assay mixture contained BLMs
(50–70 Ag of protein), 10 mM HEPES–Tris, pH 7.5 and
0.5 mM EGTA in a final volume of 0.3 ml with or without
CaCl2. Calcium chloride concentrations were varied to
give the required free Ca2 + concentrations, which were
calculated as described earlier [25]. The reaction was
initiated by the addition of [g-32P] Tris–ATP at 30 jC
and terminated by the addition of 0.7 ml of 5% activated
charcoal in 7.2% ice-cold perchloric acid followed by
vortexing for 15 s. Charcoal was removed by centrifuga-
tion at 3000 g for 1 min; 0.5 ml of the supernatant was
mixed with 0.5 ml of 5% charcoal in water for 15 s and
centrifuged again. An aliquot (100 Al) from the supernatant
was added to the Bray’s Scintillation fluid and counted for
radioactivity. The assays for the high-affinity and low-
affinity Ca2 +-dependent ATPase were performed for 10
and 3 min, respectively, in order to ensure linearity of ATP
hydrolysis as a function of time.
2.10. Statistical analysis
Statistical analysis was performed by means of a one-
way analysis of variance (ANOVA). Significance was
calculated using pre-planned orthogonal contrasts when
comparing two groups. F values with P < 0.05 were con-
sidered significant.Table 1
Metabolic parameters in hypo-, hyper- and euthyroid rats
Status Body weight (g) Food intake (g/day) Serum T3 (ng/ml)
Eu-T 195F 6.0 17.6F 2.1 1.8F 0.3
Hypo-T 192F 5.7 17.8F 2.2 0.6F 0.1*
Hyper-T 120F 5.9* 26.7F 2.3* 4.2F 0.6* y
Values are meanF S.E. (N = 6). Statistical analysis was conducted by means of on
contrasts comparing two groups. Eu-T, euthyroid; Hypo-T, hypothyroid; Hyper-T, h
ionized calcium *, y: F values with P< 0.05 compared with Eu-T and Hypo-T ra3. Results
3.1. Effect of thyroid hormone status on metabolic
parameters
Before initiation of specific dietary regimens, various
metabolic parameters were measured and found not to be
significantly different in all three groups (data not shown).
The body weight of hyper-T was significantly lower than
Hypo-T and weights between Hypo-T and Eu-T were
nonsignificant (Table 1), although the food intake was
significantly higher in Hyper-T rats in comparison to Hy-
po-T and Eu-T rats (Table 1). This alteration in food intake
in different groups is in accordance with earlier reports and
is associated with basal metabolic rate [26,27]. After being
fed respective diets for 3 weeks, Hypo-T rats showed a
significant decreased levels of T3 and T4, when compared to
Eu-T and Hyper-T rats (Table 1). T3 and T4 levels in Hyper-
T rats were significantly higher when compared to Eu-T
rats. The thyroid hormones’ levels in the serum were
significantly increased in the Hyper-T rats 10 days after
starting the dietary regimen. However, the Hypo-T rats
showed a significant decrease in hormones levels only after
14 days (data not shown). Serum total Ca2 + and ionized
Ca2 + levels were similar in the three groups after the
experimental dietary regimens (Table 1).
3.2. Effect of thyroid hormones on Ca2+ uptake into
intestinal BBMV
Ca2 + transport activity in intestinal BBMV was affected
by the thyroid hormone status of the rats from which the
membranes were derived (Fig. 1). Hyper-T rats showed a
significant increased Ca2 + uptake (at initial velocity condi-
tion) in the intestinal BBMV as compared to Hypo-T and
Eu-T rats. In contrast, Hypo-T rats showed a significant
decrease in initial uptake of Ca2 +. Equilibrium (2 h) Ca2 +
uptake was similar in all the three groups.
Next, the kinetic properties of the Ca2 + transport into the
intestinal BBMV were examined by measuring the rate of
initial uptake (30 s) of Ca2 + in the presence of various
concentrations of Ca2 + in the uptake buffer (Fig. 2). Ca2 +
uptake into the intestinal BBMV derived from the Hyper-T
was increased when compared with Hypo-T and Eu-T rats.
Ca2 + uptake into BBMV derived from Hypo-T rats wasSerum T4 (Ag/dl) Plasma Ca (mg/dl) Plasma ionized Ca2 + (mM)
4.6F 0.3 10.6F 0.4 1.41F 0.04
2.4F 0.4* 10.2F 0.3 1.34F 0.04
10.9F 1.6* y 11.2F 0.6 1.50F 0.07
e-way ANOVA. Significance was calculated using pre-planned orthogonal
yperthyroid; T3, triiodothyronine; T4 thyroxine; Ca, total calcium and Ca
2 +,
ts, respectively, were considered significant.
Fig. 1. Ca2 + uptake into intestinal BBMVof Hypo-T, Hyper-T and Eu-T rats. Values are presented as meanF S.E. (N= 6). o, Eu-T;q, Hypo-T; w , Hyper-T
rats.
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then transformed to give a Lineweaver Burk plot for
determination of the kinetic constants. The Hyper-T ratsFig. 2. Lineweaver Burk transformation of Ca2 + uptake into intestinal BBMVof H
of Ca2 + concentration. o, Eu-T;q, Hypo-T: w , Hyper-T rats; V, Ca2 + uptake; Kshowed a significant decrease in the Michaelis Menten
constant (Km) in the intestinal BBMV as compared to
Hypo-T and Eu-T rats (Fig. 2). On the other hand, theypo-T, Hyper-T and Eu-T rats: the inset describes Ca2 + uptake as a function
m, Michaelis Menten constant and Vmax, maximal transport activity.
Fig. 4. Na+-dependent Ca2 + efflux from intestinal cells isolated from Hypo-
T, Hyper-T and Eu-T rats. Ca2 + efflux measurements were performed at 37
jC in the presence of 140 mM NaCl/choline chloride in efflux medium.
Values are presented as meanF S.E. (N= 4). o, Eu-T; q, Hypo-T; w ,
Hyper-T rats. *, y: F values with P < 0.05 compared with Eu-T and Hypo-T
rats, respectively, were considered significant.
Fig. 3. Arrhenius plots of Ca2 + uptake into intestinal BBMVof Hypo-T, Hyper-T and Eu-T rats. Ca2 + uptake (30 s) measurements were performed at various
temperatures (10–50 jC). [Ca2 +] in the extravesicular medium was 1 mM. Values are presented as meanF S.E. (N= 4).o, Eu-T;q, Hypo-T; w , Hyper-T rats.
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However, thyroid hormone status did not alter the apparent
Vmax in the intestinal BBMV in either of the groups.
3.3. Effect of temperature on Ca2+ uptake into intestinal
BBMV
The effect of temperature on the Ca2 + transport into
intestinal BBMV isolated from different groups was carried
out to correlate temperature-dependent changes in the ac-
tivities of the Ca2 + transporter and the physical state of the
membrane lipids. The temperature dependence of Ca2 +
transport activity was expressed as Arrhenius plot (log V
vs. 1/K). The linear plots with two slopes were observed in
intestinal BBMV from the three groups (Fig. 3). There was a
significant increase in the transition temperature of intestinal
BBMVof Hypo-T rats compared to Hyper-T and Eu-T rats.
In contrast, Hyper-T rats showed a significant decrease in
transition temperature as compared to Eu-T rats.
3.4. Effect of thyroid hormone status on Ca2+ efflux from
intestinal cells
Na+-dependent Ca2 + efflux at initial velocity was signif-
icantly higher in Hyper-T rats as compared to Hypo-T and
Eu-T rats (Fig. 4, Fig. 5 inset). Hypo-T rats showed a
significantly decreased Ca2 + efflux as compared to Eu-T
rats. Na+-dependent Ca2 + efflux in Hyper-T rats was higher
at all the concentrations of Na+, as compared to Hypo-T and
Eu-T rats (data not shown). Lineweaver Burk transformationof the data showed that the Vmax of the Na
+/Ca2 + exchanger
increased significantly in Hyper-T rats as compared to
Hypo-T and Eu-T rats (Fig. 5). Hypo-T rats showed a
decrease in Vmax as compared to Eu-T rats. [Na
+]0.5 (Na
+
Fig. 6. Na+-independent Ca2 + efflux from intestinal cells isolated from Hypo-T, Hyper-T and Eu-T rats. Measurements were performed at 37 jC in the presence
of 140 mM choline chloride in efflux solution. Values are presented as meanF S.E. (N = 4). o, Eu-T;q, Hypo-T; w , Hyper-T rats. *, y: F values with P < 0.05
compared with Eu-T and Hypo-T rats, respectively, were considered significant.
Fig. 5. Lineweaver Burk transformation of Na+-dependent Ca2 + efflux from intestinal cells isolated from Hypo-T, Hyper-T and Eu-T rats. The inset describes
Ca2 + efflux (5 s) measurements were performed at 37 jC in the presence of various concentration of Na+ (0–100mM) in the extracellular medium. Ca2 +
ionophore A23187 (1 AM) was added along with efflux medium where specified. Values are presented as meanF S.E. (N= 4). o, Eu-T;q, Hypo-T; w , Hyper-
T rats. *, y: F values with P< 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered significant.
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Fig. 7. Ca2 +-ATPase activity in the intestinal basolateral membranes of Hypo-T, Hyper-T and Eu-T rats. o, Eu-T;q, Hypo-T; w , Hyper-T rats. Ca2 +-ATPase
activity was measured at 37 jC in the presence at various concentrations of free Ca2 + in the assay buffer. Values are presented as meanF S.E. (N= 4). *, y: F
values with P< 0.05 compared with Eu-T and Hypo-T rats, respectively, were considered significant.
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found to be similar in all three groups.
Na+-independent efflux of Ca2 + from cells depends upon
the Ca2 +-pump activity of the BLM of enterocyte [23]. Na+-
independent Ca2 + efflux from intestinal cells was not
significantly altered in response to the thyroid hormone
status, indicating that Ca2 +-pump activity was similar in the
three groups (Fig. 6). When Ca2 + ionophore A23187 (1
AM) was added to the medium, efflux was nearly complete
(f 95%) in the presence of EGTA, and Na+/choline. This
indicated that the total exchangeable Ca2 + was not altered
by the extracellular cation.
3.5. Effect of thyroid hormone status on Ca2+-ATPase
activity in intestinal BLM
To correlate the Na+-dependent efflux of Ca2 + across the
enterocyte with Ca2 +-ATPase activity in baso-lateral mem-
brane of enterocyte, the Ca2 +-ATPase activity was measured
in BLM of enterocytes isolated from different groups (Fig.
7). However, there were no significant changes observed
both in high-affinity and low-affinity Ca2 +-ATPase activity
among different groups.
3.6. Effect of thyroid hormones on cAMP content in
intestinal mucosa
A significantly decreased cAMP content in the intestinal
mucosa of the Hypo-T rats (10.0F 1.1 nmol/g mucosa) was
observed as compared to Hyper-T (20.4F 1.2, P < 0.05) and
Eu-T rats (14.9F 0.8, P < 0.05). Hyper-T rats on the other
hand showed a significantly raised cAMP content as com-
pared to Eu-T rats.4. Discussion
The present study was conducted to elucidate the mech-
anism of action of thyroid hormones on various steps
involved in transcellular movement of Ca2 + in the intestine
of rat. Hence, the processes involved in absorption of Ca2 +
were studied in the rats rendered with short-term hypo- and
hyperthyroidism. The short-term model of hypo- and hy-
perthyroidism was chosen since at the end of the experi-
mental study significant changes in Ca2 + levels in plasma
have not been observed by Kinsella and Sacktor [26] as also
observed in the present study. Moreover, long-term hypo-
thyroidism and hyperthyroidism have been shown to lead to
significant changes in plasma ionised Ca2 +, thereby affect-
ing the levels of Ca2 + regulatory hormones, like PTH and
1,25(OH)2D3 [28].
The present study demonstrated that Ca2 + uptake into
intestinal BBMV increased in response to thyroid hormone
status (Fig. 1). The mathematical model of transcellular
calcium transport in rat intestine documented the co-exis-
tence of two regulatory mechanisms that operate at brush
border [29]. A channel for calcium flux is regulated by
intracellular calcium and facilitates transport mechanism by
binding calcium to the transporter. This conclusion is in
accordance with the properties of the recently discovered
epithelial calcium channel (ECaC), and the calcium trans-
port protein CaT1 [30]. Although, both types of Ca2 +
transport mechanisms followed Michaelis–Menten kinetics,
thyroid hormone-mediated increase in Ca2 + uptake into the
intestinal BBMV was accompanied with a change in the
affinity constant (Km) (Fig. 2). Ca
2 + influx measurements
with isolated BBMV revealed a saturable process over a
concentration range of Ca2 + (0.5–3 mM) (Fig. 2). The
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consistent around 1 mM with the reported values [31,32].
Ca2 + influx across enterocyte at low luminal Ca2+ concen-
tration (up to 5 mM) is restrained by calcium transporters
(CaT) according to the modeling of transcellular Ca2 + [29].
It is noteworthy here that CaT is not responsive to 1,25
dihydroxy vitamin D3 administration or calcium deficiency
[30]. Since ionized Ca2 + levels in plasma were not altered in
either group (Table 1) indicating that the level of PTH and
1,25 (OH)2D3, the principal regulators of Ca
2 + homeostasis,
are not responsible for increased Ca2 + uptake across
BBMV. Therefore, observed change in the affinity constant
(Km) of the CaT in response to thyroid hormones is possible
due to change in the conformation of CaT transmembrane
protein, which is evident from the alteration in the transition
temperature of Ca2 +uptake (Fig. 3). It implies the modifi-
cation in the topology of lipid environment in the brush
border membrane. This possibility is further substantiated
by fluorescence polarization studies of the intestinal BBM
derived from the Hypo-T, Hyper-T and Eu-T rats, carried out
earlier in our laboratory [16]. Thus membrane fluidity may
be a major determinant of altered Ca2 + transport across the
intestinal BBM. Indeed, membrane fluidity has been shown
to modulate various transport processes [16,33,34]. Specif-
ically, Ca2 + transport across the intestinal BBM has been
shown to be modulated by membrane fluidity [35]. Indeed,
thyroid hormones appear to stimulate virtually all aspect of
lipid metabolism including synthesis, mobilization and
degradation [36]. In general, thyroid hormone excess is
associated with decrease in stores of most lipids including
triglycerides, phospholipid and cholesterol. Thereby, alter-
ation in membrane lipid composition in response to thyroid
hormone status may influence the membrane fluidity.
Efflux of Ca2 +across BLM is mediated by an ATP-
dependent Ca2 +-ATPase and Na+/Ca2 + exchanger [20].
The Na+-dependent Ca2 + efflux from intestinal cells is
known to occur through the Na+/Ca2 + exchanger. The
putative regulators of the Na+/Ca2 + exchange in the enter-
ocytes are still unknown. However, in renal epithelial cells
PTH is known to regulate the activity of Na+/Ca2 + ex-
changer. Na+-dependent Ca2 + efflux from intestinal cells
varied in parallel to the thyroid hormones levels [37]. Since
PTH regulates the Na+/Ca2 + exchange in renal cell through
cAMP-mediated pathway, it was therefore imperative to
measure the cAMP levels in the intestinal mucosa from
which the cells were isolated. The cAMP levels in intestinal
mucosa varied directly with the thyroid hormones level,
raising a possibility that PTH level may have been altered in
these rats. Since the plasma calcium and ionized Ca2 + levels
were similar in all three groups, this finding negated the
possibility. The above results therefore suggest that thyroid
hormones directly modulate cAMP levels. Indeed, thyroid
hormone status has been shown to modulate the cAMP
generation and degradation in the kidney [38]. In addition,
fluidity of renal epithelial cells has been shown to stimulate
adenylate cyclase activity that results in elevated cAMPlevels [19], since thyroid hormones have been shown to
increase the fluidity of intestinal and renal BBM [16].
Further, it is noteworthy that phospholipids especially PI,
PS and PE are known to activate the adenylate cyclase in
plasma membrane [36]. Thus, membrane fluidity- and
phospholipid-mediated stimulation of adenylate cyclase
could result in elevated cAMP levels that stimulate Na+/
Ca2 + exchange in intestinal cells. This finding suggests that
cAMP acts as an intracellular messenger to increase Na+/
Ca2 + exchange activity in enterocyte as is the case in renal
epithelial cells [39].
Na+-independent efflux of Ca2 + from the intestinal cells
has been shown to reflect the activity of Ca2 +-pump [23].
Na+-independent efflux of Ca2 + from intestinal cells isolat-
ed from Hypo-T, Hyper-T and Eu-T rats was similar,
indicating no change in the Ca2 +-pump activity which is
known to be regulated by 1,25(OH)2D3. In accordance to
this finding, we did not find any change in the Ca2 +-ATPase
activity in BLM isolated from different groups. This finding
supports our notion that 1,25(OH)2D3 status of rats was not
significantly altered during the experimental period.
In the light of results of our experiments, we conclude
that in rat intestine, thyroid hormones increase Ca2 + trans-
port by increasing the entry as well as extrusion processes.
The entry process is modulated by changes in Ca2 + trans-
porter and extrusion of Ca2 + is modulated by cAMP-
dependent activation of Na+/Ca2 + exchanger. To the best
of our knowledge, this is the first report demonstrating the
action of thyroid hormones on various transport factors
involved in Ca2 + transport in enterocytes.Acknowledgements
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